A B S T R A C T Normal red cells were incubated in the absence of glucose to develop a system in which total adenosine triphosphate (ATP) turnover could be assessed. After 1 hr, the triose pool had been completely consumed. Thereafter, the metabolism of 2,3-diphosphoglycerate (DPG) to pyruvate and lactate was the sole significant source of ATP synthesis.
INTRODUCTION
The estimation of red blood cell energy utilization is complicated by the presence of the 2,3-diphosphoglycerate (DFG)1 cycle. To the extent that glycolysis proceeds along this pathway no net synthesis of adenosine triphosphate (ATP) occurs. Methods are not available to measure the fraction of glycolysis that bypasses the phosphoglycerate kinase (PGK) reaction via the DPG cycle. Specific inhibitors of the enzymes of this cycle are, likewise, unavailable. Incubation of erythrocytes with fluoride, which inhibits enolase (1) and therefore arrests red cell ATP synthesis, has been used to assess ATP consumption but the consequent disruption of glycolysis by fluoride increases the ratio of reduced form of diphosphopyridine nucleotide (NADH) to diphosphopyridine nucleotide (NAD) which, in turn, limits the activity of glyceraldehyde phosphate dehydrogenase (GPD) and results in rapid utilization of ATP stores by hexokinase and phosphofructokinase (2, 3) .
The glucose-free red cell provides a model more amenable to the analysis of ATP utilization. The energy requiring reactions of these cells depends solely upon the initial stores of ATP and the ATP newly synthesized by the catabolism of 2,3-DPG through pyruvate kinase. This was the approach used by Whittam to study the relationship of energy metabolism to the potassium (K+) pump (4) .
In this paper, we present studies of ATP utilization in glucose-free erythrocytes. The data indicate that the red cell membrane utilizes most of the ATP available to these cells. The metabolic alterations produced by glucose depletion result in decreased total K+ influx while active (ouabain-inhibitable) K+ influx is only slightly decreased.
In contrast, active sodium (Na') efflux is markedly reduced by glucose depletion which suggests that the energy for the two pumps is derived from different sources.
METHODS
Normal blood samples were anticoagulated with preservative-free heparin (0.1 mg/ml). The plasma and buffy coat were removed and the red cells were washed three times at 4VC with Krebs-Henseleit buffer (KHB) (pH 7.5+0.1) with added bovine serum albumin (1 g/100 ml). Glucose-replete cells were prepared by supplementing this buffer with 200 mg glucose/100 ml. The cells were resuspended in the appropriate KHB (with or without glucose) to an approximate hematocrit of 40%o. Cell counts were performed in a Coulter model S counter (Coulter Electronics, Inc., Hialeah, Fla.) or by standard methods (5).
Cell suspensions (3-8 ml in 25 ml Ehrlenmeyer flasks) were incubated in a 370C shaking water bath at 60 oscillations/min. The flasks were gassed under air and 5%o C02 to maintain pH at 7.5±0.1. Additives were prepared to provide final concentrations by the addition of 10 ,l. Filtrates were prepared at the beginning of the incubations and at desired intervals in 2 vol of ice-cold 1 N perchloric acid. The supernatant filtrate was separated by two centrifugations and neutralized with 5 M K2CO3. Neutralized filtrates were frozen within 2 hr of preparation, during which time, they were maintained at 40C. Filtrates were subsequently analyzed for ATP (6) , adenosine diphosphate (ADP) (7), lactate (8) , glucose (9), 2,3-DPG (10), glyceraldehyde-3-phosphate (G3P) (11), dihydroxyacetone phosphate (DHAP) (11), fructose diphosphate (FDP) (11) , and 3-phosphoglycerate (3PG) (11) . Pyruvate cannot be recovered adequately from red cells (12) . Therefore, cell suspensions were rapidly centrifuged at 4°C and filtrates prepared from the buffer, as described above. These were later analyzed for pyruvate (11) . Concentrations of lactate, 2,3-DPG, FDP, G3P, DHAP, 3PG, ADP, and ATP were calculated on the basis of the hematocrit at the start of the incubation. Pyruvate production was calculated by assuming that pyruvate was uniformly distributed through the buffer and cell water (assumed to occupy 70% of the packed cell volume).
Active cation fluxes were measured with 24Na+ and 'K+2 (13, 14) . For Na+ efflux, washed cells were incubated at 37°C for 3 hr in 4 vol of a modified KHB (pH 7.5) containing glucose (200 mEq/100 ml). Na+ (50 mEq/liter), K+ (90 mEq/liter), albumin (1 g/100 ml) and 1 mCi 2'Na+ (SA = 69 mCi/mEq Na+). The labeled cells were then washed three times, and resuspended at 30%1o hematocrit in standard KHB with albumin (with or without glucose) for the incubation. Samples were obtained every i hr for determination of hematocrit and for measurements of radioactivity, sodium, and potassium in the supernatant buffer. Red cell electrolytes and radioactivity were measured in cells washed three times in isosmotic MgCl2. Radioactive counting was performed in a Packard "Tri-Carb" gamma scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, Ill., model 3002). Na+ and K+ concentrations were 'As 'NaCl and 'KCI, respectively, Cambridge Nuclear Corp., Iso/Serve Div., Cambridge, Mass. Lactate production was, in all experiments, greatest in the 1st hr (Table I) . Ouabain decreased lactate production 20% during the 1st hr, but had no such effect subsequently. Lactate production was significantly reduced at all times by exposure to 10' M CuCl2. The utilization of 2,3-DPG was negligible in the 1st hr of incubation, in all cases, but increased thereafter. Ouabain did not affect the utilization of 2,3-DPG but copper reduced the catabolism of 2,3-DPG by approximately 50%.
Total triose phosphates (including G3P, DHAP, and the triose equivalent of FDP) were elevated at the start of the incubation, probably due to preparatory manipulations of the cells in cold buffer (Table II) . Whereas the glucose-replete cells showed an accumulation of total triose phosphates during the 1st hr (3), the glucose-depleted cells metabolized their trioses com- pletely. This accounted for most of the excess of lactate production compared with 2,3-DPG utilization in these cells during the 1st hr. 3PG decreased slightly during the incubation of glucose-depleted cells, but remained stable in the presence of glucose (Table II) .
After the 1st hr of incubation, the utilization of 2,3-DPG by glucose-depleted cells always exceeded lactate production (Table I ). This was accounted for by the accumulation of pyruvate, as previously noted by Whittam (4) and Omachi, Scott, and Parry (16) . In fact, the sum of pyruvate and lactate production equaled 2,3-DPG depletion (Table III) . This relationship was unaffected by 10" M CuC12 even though 2,3-DPG utilization was reduced 50% in the presence of copper.
Thus 2,3-DPG catabolism was the sole source of ATP production in glucose-depleted cells after the 1st hr of incubation. Since all the 2,3-DPG utilized was accounted for by pyruvate and lactate production (Table III) 1 mole of ATP must have been synthesized for every mole of 2,3-DPG consumed. Therefore, the sum of the decreases in concentration of 2,3-DPG and ATP was taken as the net ATP utilization. Glucose-depleted red cells used nearly 1 mmole ATP/ liter cells per hr (Table IV) . CuC12, an inhibitor of In contrast to the barely detectable decrease in active K+ transport, the ouabain-inhibitable Na+ efflux in the glucose-depleted cells decreased abruptly by nearly two-thirds after 1 hr (Fig. 2b and Table V) . This marked reduction of the ouabain inhibitable Na+ efflux was highly significant (P < 0.005) and was substantiated in two additional experiments. The intracellular sodium concentration [Naa+] remained stable initially, then increased. Despite the gain of red cell Na+, the glucose-depleted cells failed to increase active Na4 (19) . As a result, the ratio of active Na4 efflux to the internal Na4 concentration declined precipitously (Fig. 3) . The hematocrits of the samples did not vary significantly during the incubations. brane reactions known to use ATP were evaluated in order to assess the influence of their activities on the energy economy of the red cell.' For a first approximation of the influence of membrane reactions of ATP utilization, the cells were incubated with 10' M CuC12. This nonspecific inhibitor markedly reduced the rate of ATP utilization in these cells. The concentration of ATP was maintained while the stoichiometry of 2,3-DPG conversion to pyruvate and lactate remained undisturbed. The maintenance of this stoichiometry suggests that copper did not interfere with the function of pyruvate kinase. Since copper affects pyruvate kinase function at concentrations greater than 10-6 M (21), it seems unlikely that a significant fraction of the copper in the incubate entered the red cells. Therefore, we postulate that the effects of copper on ATP utilization were confined to the membrane and certainly included depression of acylase and (Na' and K+) ATPase (17, 18) as well as other unspecified ATP-utilizing reactions.
'A potential spurious "use" of ATP is the conversion of 3PG to 2,3-DPG. Since the concentration of 3PG (Table  II) remained well below the Km for the "backward" PGK reaction ,(2.8 X l0' M) (20) , it seems unlikely that this reaction was a significant source of ATP utilization.
Energy Metabolism in Human Erythrocytes
Acylase activity is thought to consume very little ATP in glucose-replete cells, and the rate of acylation of phospholipid is even further reduced in glucosedepleted cells (22) . The contribution of acylase to ATP economy in glucose-depleted cells was therefore considered no further.
Cation transport is thought to utilize 30% of red cell ATP turnover in glucose-replete cells (23) , however, the relationship of cation transport to energy metabolism in glucose-free red cells was so complex that accurate assessment of its energy requirement was not possible. Ouabain which inhibits active transport (24) , usually produces a decrease in lactate production in glucose-replete red cells (25) . This is mediated by a decrease in production of ADP by membrane (Nat and K+) ATPase. The decreased production of ADP reduces the activity of PGK (7). After the depletion of trioses in glucose-free red cells, reduced ADP production cannot alter the flow of metabolites through PGK. Thus, no decrease in lactate and pyruvate production in the presence of 10-' M ouabain was expected or observed. However, the lack of effect of ouabain on either the concentration or utilization of ATP in glucose-free cells was unexpected and prompted closer scrutiny of the cation pump in these cells. ' The effects of glucose depletion on sodium and potassium transport were markedly disparate. In contrast to Whittam (30) . He subjected cells to prolonged incubation without glucose and observed a moderate rate of active K+ influx at a time when the concentration of ATP must have been extremely low.
'While our data for normal potassium transport are very similar to previous reports (26) (27) (28) , our values for sodium transport are consistently higher than those in the literature (26, 28, 29) . Methodologic differences account for most of these discrepancies. For instance, Post and Jolly used cells that had been stored for prolonged periods at 20C, which would alter their internal cation concentration and metabolism (26) . Tosteson (28) and Solomon (29) studied cells in plasma which presumably had a lower potassium concentration than our buffer as well as other unspecified differences which may have affected Na+ transport. 6 Feig, S. A. Unpublished data.
The effects of glucose depletion on the Na' pump were much more profound. Active Na' efflux was reduced nearly 70% when triose depletion was complete. The effect on Na' transport was further accentuated by the inability of glucose-depleted cells to increase Na+ pumping in response to increased [Nat+] (19) .
Clearly, the diminution of sodium transport in glucose-free red cells was not related to ATP concentration. First, the change in rate was abrupt; it occurred coincident with the disappearance of trioses. The rate did not decrease further thereafter, although the concentration of ATP continued to decline. Second, the young red cells of patients with hemoglobin inclusions pump Na+ at an accelerated rate, even though their intracellular ATP concentrations are reduced to values similar to those observed in glucose-depleted cells after 1 hr of incubation (31) .' It also seems unlikely that the marked effect of glucose depletion on Na+ pumping was due to a higher Km ATP for that reaction than for the K+ pump, since the change was abrupt and occurred exactly when ATP ceased to be produced by PGK.
Parker and Hoffman (32) and Zarkowsky and Nathan (7) have described experiments linking PGK to the control of glycolysis exerted by membrane (Na4 and K+) ATPase. Schrier has suggested that the energy for cation pumping may actually be derived from membrane-bound PGK which could provide the ATP necessary for ATPase and, in turn, be stimulated by the ADP produced (33) .
Our present data support this hypothesis in part. It appears that the rate of Na' pumping is indeed markedly reduced when PGK activity is lost by the depletion of triose in glucose-free cells. This suggests that the Na+ pump derives its energy from the ATP produced by PGK. In contrast K+ pumping seems to be independent of the control exerted by PGK, and hence the inhibition of potassium pumping by ouabain had no effect on ATP production or utilization. In fact. potassium pumping may be dependent upon a more general pool of intracellular ATP and may only cease when this pool is markedly depleted, as suggested by Glynn's data (30) and our own. These results indicate that the Na+ and K+ pumps of human red cells are not linked in an obligatory fashion. Such dissociation was postulated by Solomon (29) nearly 20 yr ago. On the other hand, certain well-accepted studies of the Na+ and K' pumps in human red cells have led to the conclusion that the two pumps are in fact closely linked and that both derive their energy from a common pool. For example, red cell ghosts resealed around ATP, pump both sodium and potassium at rates equal to those observed in intact cells (34) . Removal of potassium from the external medium abolishes both sodium pumping (35) and the ouabain sensitive component of erythrocyte lactate production (36) . However. the above mentioned studies do not eliminate the possibility that in intact cells the two pumps, though interdependent, derive their ATP from separate sources.
Further experiments designed to investigate the relationship of PGK to Na+ and K+ pumping utilizing the red cells of patients deficient in erythrocyte PGK (37) and pyruvate kinase are now in progress. These experiments will provide more secure data concerning the pump dissociation that is suggested by the studies of glucose-free red cells.
In summary, glucose-depleted erythrocytes provide a model which can be used to assess the energy requirements of red cell homeostatic functions. In large part, these functions are localized at or in the red cell membrane. These studies further suggest that, in the intact cell, there is compartmentalization of function with specific sources of energy for some functions. For example, active Na+ and K+ transport are not necessarily linked. They are differentially affected by glucose depletion, perhaps due to the unique requirement of the Na+ pump for ATP derived from PGK.
